INTRODUCTION
Previous studies (Reeve & Alexander, I97o; Reeve & Poste, 1971) have shown that the formation of polykaryocytes by cell fusion is the initial cytopathic effect induced by Newcastle disease virus (NDV) grown in chick embryo cells. These studies on NDV also showed that there was a direct relation between virulence and the capacity of strains to cause cytopathic effect. In parallel with cytopathic effect many viruses also produce profound alterations in cellular metabolism, particularly by the inhibition of the synthesis of host cell macromolecules (for review, see Roizman & Spear, 1969) . However, only limited information is available on the effect of NDV on host cell macromolecu]ar synthesis. Wilson (I968) found that the virulent strain TEXAS inhibited host cell RNA and protein synthesis, while the mesogenic strain BEAUDETTE C inhibited only protein synthesis. The inhibition of host cell protein synthesis induced by NDV occurs relatively late in the virus growth cycle, in contrast to the 'early' inhibition induced by the picorna-, adeno-and poxviruses (Martin & Kerr, 1968) . The significance of NDV-induced inhibition of cellular macromolecular synthesis is not clear, nor is it known whether this inhibition is related to the virulence of the infecting strain. Several strains of NDV of distinct virulence have therefore been examined for their ability to inhibit cellular protein synthesis. Experiments were also done with selective metabolic inhibitors to test whether the ability of NDV to inhibit protein synthesis and to cause cytopathic effect were linked through a common mechanism.
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METHODS
Virus strains and cell culture. The cell culture techniques and most of the virus strains have been described (Reeve & Waterson, ~97o; Reeve, Rosenblum & Alexander, 197o ) . Strains 'H' and WARWICK were obtained from W. H. Allan Central Veterinary Laboratories, Weybridge, Surrey. All experiments were done on coverslip cell cultures. Chick embryo cell monolayers were inoculated with 0"5 ml. virus-infected allantoic fluid diluted in maintenance medium (Eagle's BHK supplemented with 2 ~o foetal calf serum, Burroughs Wellcome Ltd., Beckenham, Kent) to provide a multiplicity of infection of 50 infective particles/cell. After adsorption at 37 ° for x hr cultures were washed three times with pre-warmed phosphatebuffered saline (PBS) to remove any remaining virus and fresh maintenance medium was added with metabolic inhibitors or radioisotopes as appropriate. Cultures were then incubated at 37 ° in the stationary position.
Metabolic inhibitors. Congo red, azauridine, cycloheximide and p-fluorophenylalanine (FPA) were obtained from Koch-Light Laboratories, Colnbrook, England and used in cell culture media as freshly prepared solutions at the appropriate concentrations.
Radioisotopes.
[3H]L-leucine 4,5-T (I9"7 C/mM) and [aH]uridine 5-T (26"5 C/mM) were obtained from the Radiochemical Centre, Amersham, Buckinghamshire.
Incorporation of radioisotopes.
The rates of protein and RNA synthesis were estimated by measuring the incorporation of radioactive precursors into trichloroacetic acid-insoluble material. Maintenance medium containing I-o #c/ml. isotope was used to pulse coverslip cell cultures for 3o or 6o rain. The coverslips were then washed once with ice-cold PBS, four times with ice-cold 5 % (w/v) trichloracetic acid and once in acetone. The coverslips were air-dried, and the acid-insoluble radioactivity estimated in an Intertechnique ABAC SL4o liquid scintillation spectrometer using toluene containing 8.o g./1. butyl PBD as scintillation fluid.
Estimation of cell fusion as °/o polykaryocytosis.
The extent of cell fusion produced by virus strains was estimated 15 hr after infection from counts on stained coverslip cell cultures (Reeve & Poste, I971 ) .
Estimation of haemadsorption.
Coverslip cell cultures were washed three times with icecold PBS 8 hr after infection and then received 0"5 ml. of a 0"5 % (v/v) suspension of chicken erythrocytes. After 15 to 20 min. at 4 °, unadsorbed erythrocytes were removed by three further washes with ice-cold PBS. The cultures were then fixed in methanol, stained with May-Grtinwald Giemsa (Jacobson & Webb, I952) , and the number oferythrocytes adsorbed to the cells was counted. The amount of haemadsorption is expressed in terms of the number of erythrocytes in cultures treated with metabolic inhibitors expressed as a percentage of the number in inhibitor free cultures. Uninfected chick embryo cell cultures did not adsorb erythrocytes.
Estimation of cellular permeability. The permeability of infected cells was estimated by assaying the amount of lactate dehydrogenase released from the cells into the culture medium. For this assay, cell cultures were grown in I5 cm. glass Petri dishes and the lactate dehydrogenase released was estimated spectrophotometrically (Kornberg, I955) and expressed as a percentage of the total lactate dehydrogenase present. 
RESULTS

Relation between virulence of the infecting strain and inhibition of cellular protein synthesis
The virulent Newcastle disease virus strains HERTS, WARWICK, 'H', TEXAS and FIELD PHEASANT and the mesogenic strain BEAUDETTE C all caused marked inhibition of protein synthesis, as judged by the ability of the infected cells to incorporate [aH]-leucine in trichloroacetic acid-insoluble material after a 3o rain. pulse when compared with the uninfected control cells (Fig. 0 -All of these strains inhibited cellular protein synthesis by 50 % at 6 to 8 hr after infection, at which time new infective virus appeared in the medium and 5o % of the final yield of mature virus had been synthesized (Reeve & Waterson, 197o) . The avirulent vaccine strain v inhibited cellular protein synthesis by about 40 %, but this was not detected until 18 hr after infection. In contrast, the avirulent strains QUEENSLAND and ULSTER did not inhibit cellular protein synthesis. 
Relation between inhibition of cellular protein synthesis, cytopathic effect and cell damage
All the strains which inhibited cellular protein synthesis induced extensive cell fusion and damage. Cytopathie effect, in the form of cell fusion, was first seen 6 to 8 hr after infection at the time when 50 % inhibition of cellular protein synthesis was recorded. Inhibition of cellular protein synthesis might then be merely a non-specific effect secondary to cell damage and to the development of cytopathic effect. We therefore compared the rate at which inhibition of protein synthesis occurred with the rate at which the enzyme lactate dehydrogenase was lost from the cell through the damaged plasma membrane. With two virulent strains, HERTS and TEXAS and the avirulent QUEENSLAND and r strains, a slow loss of lactate dehydrogenase was recorded during the first I6 hr after infection. After this a rapid increase in lactate dehydrogenase release, indicative of extensive cellular damage, was seen only in cells infected with the virulent strains (Fig. I) . These results suggest that gross cellular damage produced by virus replication occurred at 16 to 24 hr after infection and too late to account for the marked inhibition of protein synthesis found 6 to 8 hr after infection.
Effect of inhibitors of protein synthesis on virus-induced inhibition of protein synthesis, cell fusion and haemadsorption
From these experiments we concluded that inhibition of cellular protein synthesis was related directly to the virulence of the infecting strain of NDV. Other properties of the virus which are related directly to its virulence include the ability to produce cell fusion (Reeve & Poste, I97o ) and haemadsorption (Reeve & Alexander, 197o ) . We therefore examined these three properties to determine whether there was a common requirement for protein synthesis.
Cell cultures were infected with NDV strains in the presence of the following metabolic inhibitors and the inhibition of cellular protein synthesis, extent of cell fusion and the degree of haemadsorption measured. by chick embryo cells infected with strain HERTS. Congo red was added I hr after infection, and haemadsorption and cell fusion measured 8 and 15 hr after infection, respectively. The results are expressed as To of the amount of haemadsorption or cell fusion in infected cultures without Congo red.
p-Fluorophenylalanine, which inhibits protein synthesis by replacing phenylalanine to form non-functional proteins, prevented the inhibition of cellular protein synthesis by strains HERTS and' H' (Fig. 2 a) and also prevented cell fusion and haemadsorption by strain HEgTS (Fig. 2 b) .
Congo red. Becht & Drzeniek (1968) described the inhibition of NDV replication by this agent. Doses of IO #g./ml. or greater inhibited the synthesis of virus proteins, haemagglutinin and neuraminidase, but ribonucleoprotcin synthesis was unaffected. In our system, Congo red prevented cell fusion, haemadsorption and inhibition of cellular protein synthesis by strain HERTS (Fig. 3 a, b) . However, these results were complicated by the toxicity of doses of 8O-lOO/~g./ml. for chick embryo cell monolayers, particularly when the dye was in contact with the cells for I5 hr. In addition, in uninfected control cells treated with this compound, an inhibition of protein synthesis indicated that Congo red may act as a general inhibitor of protein synthesis, rather than in the specific way described by Becht & Drzeniek 0968).
Cycloheximide. At concentrations of 5 #g./ml. or greater, cycloheximide inhibited protein synthesis in uninfected cells within 3 hr (Fig. 4) -In cells infected with strain HERTS, similar doses of cycloheximide inhibited both cell fusion and haemadsorption (Fig. 4) . Cycloheximide (/~g./ml.) 11--11) in chick embryo cells infected with strain HEaTs. Protein synthesis was measured 3 hr after the addition of cycloheximide by the incorporation of [3Hlleucine into an acid-insoluble fraction. Cycloheximide was added I hr after infection and haemadsorption and cell fusion were measured 8 and 15 hr after infection, respectively. All results are expressed as % of activity in controls without cycloheximide.
Fig. 4. Effect of different concentrations of cycloheximide on protein synthesis in uninfected chick embryo cells (@--@) and on haemadsorption (&--i) and cell fusion (
These results with inhibitors of protein synthesis showed that all the features of the cytopathic effect produced by virulent NDV strains; inhibition of cellular protein synthesis, formation of polykaryocytes by cell fusion and formation of haemadsorption centres required the synthesis of virus-induced proteins.
The effect of time of addition of inhibitors of protein synthesis on virus-induced inhibition of protein synthesis, cell fusion and haemadsorption
In order to determine the time in the growth cycle at which the protein or proteins concerned with the expression of cytopathic effect were produced, cells were infected with strain HERTS, and at intervals after infection either 5oo/~g./ml. fluorophenylalanine or 5o/~g./ml. Congo red was added. At IO hr after infection the cultures were washed and inhibitor-free medium with [3H]leucine was added. After incubation for I hr at 37 °, the ND V cytopathic effect 3 I incorporation of the isotope was measured and the extent to which cellular protein synthesis had been inhibited by virus infection was estimated. The addition of either inhibitor 2 hr after infection prevented the inhibition of cellular protein synthesis by the virus, but after that time the inhibition increased (Fig. 5) . Thus, it appears that protein synthesis is required within 3 hr of infection for virus-induced inhibition of cellular protein synthesis to occur. A concentration of 500 #g./ml. fluorophenylalanine prevented cell fusion and haemadsorption by strain HERTS when added within 2 hr of infection, but not when added over 4 hr after infection (Fig. 6 ). Experiments with strains ' H' and WARWICK gave similar results.
We conclude that protein synthesis must occur very early in the growth cycle for cytopathic effect to occur, and that the protein or proteins implicated in this cytopathic effect must be synthesized within 3 hr of infection. at different times after infection on the degree of inhibition of cellular protein synthesis by strain HERTS. At intervals after infection fluorophenylalanine or Congo red was added to infected cultures and uninfected control cultures. All cultures were pulsed with [3H]leucine for I hr at IO hr after infection and incorporation into an acid-insoluble fraction was measured. The results are expressed as % inhibition of protein synthesis calculated from the amount of incorporation of [~H] leucine by uninfected cultures. The points indicate the times after infection at which inhibitor was added. Fig. 6 . Effect of adding fluorophenylalanine (500 #g./ml.) at different times after infection on haemadsorption (A--A) and cell fusion (•--II) in chick embryo cells infected with strain RER'rs. The points indicate the times after infection at which fluorophenylalanine was added. Haemadsorption and cell fusion were estimated 8 and ~5 hr after infection, respectively. The results are expressed as ~ of those for infected cultures without fluorophenylalanine.
Effect of inhibition of RNA synthesis on cytopathic effect
Since the protein synthesis associated with the development of cytopathic effect occurred early in the growth cycle, it suggested that the RNA of the infecting particle, rather than newly synthesized RNA, was used directly for coding this synthesis. To test this hypothesis, azauridine was used to block RNA synthesis. Wilson & Lo Gerfo (I964) showed that azauridine inhibited the synthesis of virus and cellular RNA to the same extent. In our system, azauridine at 9o/~g./ml. inhibited cellular RNA synthesis by over 5o %, as shown by the 3-2 incorporation of [3H]uridine into uninfected cells. At Iooo #g./ml. or greater cellular RNA synthesis was inhibited by at least 9o % (Fig. 7) . However, cell fusion and haemadsorption in cells infected with strain Hzrcrs were unaffected by up to 3ooo #g./ml. azauridine (Fig. 7) . 
DISCUSSION
Our results show that the ability of Newcastle disease virus strains to inhibit cellular protein synthesis is related directly to the virulence of the infecting strain. Inhibition of cellular protein synthesis by NDV strains occurred fairly late in the growth cycle. A 5o Yo inhibition was recorded 6 to 8 hr after infection, by which time 5o % of the final yield of mature virus had already been synthesized (Reeve & Waterson, ~97o) . It is therefore unlikely that the inhibition produced by NDV is comparable with the rapid inhibition seen with the picornaviruses and vaccinia virus (Martin & Kerr, T968; Bablanian, I97o) . However, since extensive leakage of lactate dehydrogenase from infected cells was not seen until some hr after inhibition of protein synthesis, it is unlikely that inhibition results merely from gross cellular damage, but must be due to an early event induced by virus. The results obtained using inhibitors showed that some protein synthesis was required early in the virus growth cycle if cellular protein synthesis was to be inhibited subsequently. The other manifestations of virus infection, haemadsorption and cell fusion, were also dependent upon early protein synthesis.
A requirement for protein synthesis during virus-induced cell fusion has been demonstrated with other viruses. In vaccinia virus-infected L cells, puromycin inhibited the formation of polykaryocytes by cell fusion (Kaku & Kamahora, ~964). Falke 0965, I967) found that cycloheximide and fluorophenylalanine, but not chloramphenicol, prevented the fusion of rabbit kidney cells by herpes simplex virus. More recently, Bratt & Gallaher (1969) showed that cycloheximide prevented cell fusion in chick embryo cells infected with the VICTORIA strain of NDV.
It is not clear whether the proteins involved in cell fusion by NDV are structural components of the virus particle or how they act to induce fusion. The labilization of lysosomes is known to be important in producing the celt surface changes necessary for fusion (Allison, I967; Poste, 197o; Poste & Allison, I97I ) , and the possibility must be considered that the virus-induced proteins involved in fusion act on the lysosome system. There are indications from the other virus-cell systems that virus-induced proteins are responsible for specific labilization of lysosomes (Amako & Dales, 1967; Thacore & Wolff, 1968; Guskey, Smith & Wolff, 197o) . Furthermore, Allison & Mallucci (1965) showed that virulent strains of NDV produced extensive and permanent damage to lysosomes, while avirulent strains induced only transient and reversible damage.
Although our results do not permit a strict distinction between the cellular events involved in the inhibition of protein synthesis and those in cell fusion, it is unlikely that both are mediated by the same mechanism, even though the same proteins may be implicated.
Newcastle disease virus induces the synthesis of both RNA complementary to that of the virus particle, -RNA, and replicas of the virus genome, + RNA. In the first 7 hr of infection of chick embryo cells by BZAtrDETTE C, up to 90 ~o of virus RNA is negative-stranded (Kingsbury, 197o ). The functions of the different RNAs are not clear: Kingsbury (1966) and Bratt & Robinson (1967) suggested that the -RNA acts as messenger for some or all virus proteins. However, Sch~ifer, Pister & Schneider (1967) showed that virus antigens could be synthesized in chick embryo cells infected with BEAUDETTE C in the presence of azauridine, and concluded that parental +RNA acted as messenger. Since both virus-induced cell fusion and haemadsorption were unaffected by azauridine, our results support the suggestion of Sch~ifer et al. (I967) that parental RNA can act as messenger. Long & Burke (I97O), using u.v. irradiation to inhibit RNA synthesis, also concluded that the parental strand of fowl plague RNA acted directly as messenger for the proteins involved in the inhibition of host cell protein synthesis. Recent studies have also shown that some virus-induced proteins were synthesized in Sendal virus infected cells using the RNA of the infecting particle as messenger (Mekler, Shlyankevitch & Shevliaghyn, I97O) . It is important to confirm, therefore, whether the nucleic acid of the virus particle can act directly as a messenger for the proteins involved in cytopathogenicity, since our work implies that the synthesis of nucleic acid and the subsequent assembly and release of mature particles may be irrelevant to the expression of virus-induced cell damage. 
